Abstract A new crystalline phase hardystonite (Ca 2 ZnSi 2 O 7 ) has been obtained in willemite glass-ceramic glaze containing more than 20 % by mass ZnO. To our knowledge, there was no report about the presence of this calcium zinc silicate in glazes. The aim of this study was to investigate the synthesis and thermal behavior of Ca 2 ZnSi 2 O 7 in ceramic glaze. A hardystonite formed in glaze at 750°C and exist to 850°C, as confirmed by X-ray phase powder diffraction findings and scanning electron microscope image (SEM) with chemical elemental analysis. The second formed of zinc calcium silicate is corresponding with liquid phase presence in glaze observed at 1150°C and also decompose below 1200°C. Because glaze is complicated multi-component system with different crystalline phases, it is developed for research transformations in stoichiometric hardystonite. On this basis, an oxide system was prepared from SiO2, ZnO and CaCO 3 to designated precise chemical synthesis temperature of pure hardystonite powders. Thermal analysis method such as differential scanning calorimetry has confirmed that in 1175°C formed hardystonite according to X-ray phase powder diffraction of a reaction mixture. Hot-stage microscope is useful to detailed description of the processes and transformations which occur when mixture and glaze were heated. SEMs of the new phase in mixture and in glaze are presented. Phenomena related with the influence of heating cycle and liquid phase on the transformation of hardystonite are examined and analytically discussed.
Introduction
Glass-ceramic science opens a wide range of possibilities for designing new materials. The properties of glass-ceramics are mainly determined by their constituent phases and microstructures, which depend on the composition and thermal treatment of used raw materials [1] . Willemite glass-crystalline glazes characterized by a glassy matrix containing the spherulites of willemite clearly visible to the naked eye that can be 10 cm or more in radius [1] [2] [3] . These glazes belong to special kind of decorative ceramic glazes, due to possibility achievement a wide range of colors these crystals [4] . The crystals collect a pigment or coloring ions in the glaze. Some common oxides are chromium, cobalt, copper, iron, manganese, nickel, rutile (titanium) and other oxides [4, 5] . The amount of oxides in the glaze usually ranges between 0.5 and 5 % [4] . Colorants can be combined to produce unique color and crystal combinations [2] [3] [4] [5] . In these glazes, not only willemite crystals can be colored. The glassy matrix also can embed metal ions and give it different hue of color compared to color of the crystals [2, 4] . Willemite is an orthosilicate containing zinc (Zn 2 SiO 4 ) and a main crystalline phase in decorative glassceramic glazes containing more than 20 % by mass ZnO [2, 6, 7] . Willemite glass-crystalline glaze belongs to multicomponent oxides system consisting of ZnO-SiO 2 -CaO-K 2 O-Na 2 O-Al 2 O 3 . It should be noted that the more complex the composition of the glaze is, the greater diversity of the expected crystalline phases will be. In view of decorative aspect of this kind of glazes, crystallization of other phases than willemite is not advisable [1, 8] . A new crystalline phase hardystonite (Ca 2 ZnSi 2 O 7 ) has been obtained in willemite glass-crystalline glaze [8] . Recently, hardystonite is a popular crystal phase in bioceramics due to improved bending strength and fracture toughness as compared to hydroxyapatite and may possess good biocompatibility [9] . Moreover, a great deal of interest has been focused on the studies of properties doped hardystonite as a luminescent material [10] . However, the literature review not reported any information about hardystonite in glazes. Jamaludin [11] studied influence of CaCO 3 addition on the phase crystallization in willemite glass-crystalline glazes. Author focused on final crystalline phase composition of glaze, and probably, this was a reason of not registered a hardystonite in glaze. The only information about the formation of hardystonite derived from studies of glasses. Omar reported that hardystonite and willemite formed in calcium zinc aluminosilicate glass heat for 6 h at 750°C [12] .
This paper aims at studying the thermal behavior of hardystonite in willemite glass-ceramic glaze. Synthesis of hardystonite in solid phase and crystallization in melt silicate were investigated. The process of decompose and melted of this crystalline phase are also illustrated.
Experimental Glaze preparation
The oxide composition of glass-crystalline glaze was based on multi-component system of SiO 2 -ZnO-CaO-K 2 ONa 2 O-Al 2 O 3 . For the preparation of the experimental glaze, common raw materials were used: potassium feldspar (Norfloat K-600, Norway), zinc oxide (99.2 % purity, Oława, Poland), quartz flour (Sobótka MK 40P, Poland) and calcium carbonate (K-45 Piotrowice, Poland). The raw materials and oxide composition of glaze in present study are shown in Table 1 . The proportioned mixture was ballmilled for 20 min in porcelain jars with a purified water medium to homogenize, and the resulting suspension was dried to form a powder. Dried powder was placed in bisque crucibles with a capacity of about 90 g and fired in an electric laboratory furnace with the temperature rate 5°C min -1 . The heating temperature in the range 700-1240°C with interval equal to 50°C maintained for 1 h in maximum temperature, and then, samples were removed from the furnace due to the ''freezing'' processes taking place in them. The as-prepared samples were crushed into fine powders for determined crystalline phases composition by X-ray diffraction analysis (XRD) with an automatic PANalytical X'pert Pro system in range of 10°-80°with CuKa radiation (k = 1.5412 Å ). The quantitative determination of crystalline phases was performed from X-ray diffraction patterns by using the Rietveld method [13] . The refinement was performed with program X'Pert HighScore. The thermal evolution and phase transformations in glaze were obtained by carrying out a differential scanning calorimetry (DSC) using Netzsch equipment (STA 449 F3 model) with a heating speed of 10°C min -1 in an air atmosphere. The temperature range studied varied from room temperature up to 1240°C. The sample mass was 40 mg. The sintering and melting behavior of the glaze was conducted using a hot-stage microscope (HSM) Misura Expert System Solutions coupled with software Misura 3.32 HSM. Sample was formed in 3 mm high and 2 mm diameter cylinder and measured with heating rate of 10°C min -1 up to until melting temperature. The evolution of the glaze microstructure was characterized at the micro-scale level performed by scanning electron microscope (JEOL scanning microscope JSM-5400) with energy dispersive X-ray analysis (EDS).
Reference hardystonite preparation
Stoichiometric hardystonite was prepared by synthesis from raw materials: zinc oxide (99.2 % purity), quartz flour (MK 40P) and calcium carbonate (K-45) as a reference material to compare with the same crystal phase obtained in the glaze. The composition of stoichiometric hardystonite is presented in Table 1 . The mixture of raw materials prepared according to the glaze. Results
X-ray investigations of glaze samples
The crystalline phase composition of the glaze after heating at temperatures between 700 and 1240°C and holding for 1 h at the final temperature is displayed in Fig. 1 . As it can be seen that the formation of hardystonite begins to be detectable by XRD after heating in the range between 750 and 850°C. Moreover, willemite coexists with hardystonite in the range between 750 and 800°C. The estimated amount of crystalline phases of glass-ceramic glaze specimens prepared after heating at range 700-1240°C were determined by Rietveld refinement. The results of the refinements are displayed in Table 2 . On the basis of experimental data contained in this table we can observe that the estimated content of hardystonite (21.3 mass%) is higher than willemite (14.1 mass%). The quantitative determination of the amount of hardystonite shows a tendency to decrease in the content of this crystalline phase between 750 and 850°C. The XRD pattern of glaze sample fired at 900°C not indicates the presence of hardystonite crystalline phase in the system. With increasing of temperature up to 1150°C, willemite and hardystonite crystallized again. In this case, the determined by Rietveld method content of willemite phase (44.8 mass%) was higher than hardystonite (29.3 mass%). Hardystonite was not identified on the obtained X-ray diffraction patterns from samples fired at the maximum temperatures 1200°C and 1240°C.
Microstructures of glazes
The microstructures of the glazes fired for 1 h at 750 and 1150°C are depicted in Fig. 2 . Observations revealed the presence of two kind of crystals having different colors. The white crystals belong to willemite. The oxide compositions of darker crystals marked points 1-4 ( Fig. 2) are compatible with the stoichiometric crystal content of hardystonite (which are presented in Table 3 ) calculated based on the periodic table (for comparative purposes only). The crystals occurring in the glaze whose firing temperature increased seem to have lacked enough time to grow and the crystals of both crystalline phases are greater than in the glaze heated at 750°C. For glaze sample heated at 1150°C, the crystals of willemite and hardystonite characterized differential shapes. But the most of crystals are round-shaped. Furthermore, the size of the majority crystals of hardystonite is smaller in comparison to the size of the willemite crystals.
Differential scanning calorimetry Figure 3 depicts the DSC and DDSC curves of willemite glass-crystalline glaze. Interpretation of the DSC curve is difficult due to the complex composition of the glaze. This allows to occurring large number of transformations and processes during firing. On DSC curve, the glaze is visible endothermic peak associated with reversible phase transition of a-quartz to b-quartz [14] with minimum at 573°C. The second endothermic effect with the minimum at 739°C is related with decomposition of calcium carbonate [15] . On DSC curve, it is not registered thermal effects associated with the formation of hardystonite. Therefore, it was necessary making a derivative DSC curve, which is present also on the Fig. 3 . It is possible that after decomposition of calcium carbonate, the new phases (hardystonite and willemite) are created, which is observed as an exothermic effect at 750°C. This is confirmed by narrow, high exothermic peak right behind decomposition effect of calcium carbonate, what proof the high reactivity of calcium oxide. As then, next two endothermic peaks with minimum at temperature 902 and 927°C correspond to the decomposition of willemite and hardystonite in glaze. A sharp decline on the registered by DSC curve beginning above 1115°C indicated the onset of melting glaze. No thermal effects were recorded on the DSC and DDSC curves, which can be associated with crystallization of hardystonite. The last few exothermic effects on DDSC curve correspond with crystallization of willemite, and the only crystalline phase presents in glaze above 1200°C.
Synthesized hardystonite
A stoichiometric hardystonite has been prepared by synthesis process in order to compare the thermal behavior with such a crystalline phase obtained in the glaze. The hardystonite synthesis was realized on the basis of the results obtained after heating a stoichiometric mixture of CaCO 3 , SiO 2 and ZnO. Differential scanning calorimetry (DSC) was used with the same heating rate as glaze to observe the thermal behavior of this mixture. In the DSC curve as shown in Fig. 4 , a transformation a ? b-quartz point at 570°C is observed [14] . An endothermic peak at 860°C is attributable to the decomposition of calcium carbonate, and the largest mass loss band is found at this step [14] . In contrast, only one exothermic effect was registered on DSC curve with maximum at 1175°C, which may be ascribed to the synthesis of hardystonite. Figure 5 presents the XRD pattern after sintering at 1175°C for 1 h for mixture of CaCO 3 , SiO 2 and ZnO. The XRD result shows that the sintered material contains mainly hardystonite and only a small amount of willemite.
Hot-stage microscopy
The effect of the firing temperature on glaze and synthesized hardystonite was also studied from the sintering Characteristic of synthesis and transformations of hardystonite in willemite glass-crystalline… 1139 were obtained [16] . The sintering of the glaze starts at 1100°C. The softening point of the glazes is given by the rounding of the sample edges indicating the onset of melt formation in the samples. Based on sintering curve of glaze, we can observe that liquid phase is present in system above 1110°C. Complete melting of the glaze was above 1220°C. When this figure is examined, it is detected that the sintering, softening and melting temperatures were a reduction in glaze compared to the hardystonite. It is understandable due to the fact that hardystonite consists of high-melting oxides such as CaO, ZnO and SiO 2 [17] .
Discussion
Two crystalline phase hardystonite and willemite were detected in glaze heated at 750°C for 1 h using by XRD and SEM analysis as a results of solid-phase synthesis reaction of raw materials. Hardystonite at low temperature (750°C) in glaze formed easily and in a higher content than willemite due to the high reactivity of CaO derived from the decomposition of calcium carbonate (Fig. 3) . It was confirmed by the results XRD analysis, which no registered presence of calcium oxide at these temperatures. Takesue [18] reported that willemite phase begins to form by solid diffusion of ZnO on the surface of SiO 2 as we can observe on the SEM micrograph (Fig. 2a) . Similarly as a willemite, the crystals of hardystonite also were formed on the quartz grains. It was determined using hot-stage microscopy that in glaze the liquid phase present about temperature 1110°C. This value indicates that the synthesis reactions of willemite and hardystonite occurred without the liquid phase. Synthesis reactions of both phases were progressed slowly, which explains the presence of only a small thermal effects on the DDSC curve of glaze (Fig. 3) . The research proven insufficient to explain the reasons of the decomposition of hardystonite and willemite in glaze. This information agrees with the DDSC results where an endothermic reactions were identified at 902 and 927°C (Fig. 3) . It is important to decompose of hardystonite and willemite using XRD analysis not registered any new crystalline phase, only a slight increase the content of ZnO and SiO 2 ( Table 2 ). This issue is still in research.
Hardystonite and willemite form again and coexist in glaze fired at 1150°C, when in system was identified a liquid phase. According to the results of DSC measurement, melting of potassium feldspar begins at about 1115°C which can observe on the DSC curve as a sharp endothermic peak (Fig. 3 ). This effect is related to decomposition of feldspar by melting with formation of leucite (KAlSi 2 O 6 ) and liquid [19] . The presence of leucite was detected in glaze above 1000°C using XRD analysis ( Fig. 1 ; Table 2 ). Moreover, Fig. 2 indicates a homogeneous matrix with two type of ovoid crystals identified as hardystonite and willemite covered with liquid phase (Fig. 3) . The chemical composition of this phase determined by EDS analysis is consistent with chemical composition of stoichiometric leucite crystal. However, below 1200°C the hardystonite is melted and dissolved in the silicate melt resulting of the components of glaze.
Hardystonite was not detected in the samples fired at 1200 and 1240°C; this may be explained also by the higher level of willemite which would be the major phase containing Zn. At these temperatures, willemite is still present as a predominant crystalline phase. 
Conclusions
This work concerns the synthesis, characterization and thermal behavior of hardystonite in willemite glass-crystalline glaze. In studied glaze identified two new crystalline phases: hardystonite and willemite. Hardystonite formed at 750°C as results of solid-phase synthesis and at 1150°C as a crystallization in melt. Hardystonite is unstable crystalline phase in tested system. Higher than 850°C, this phase decomposed and re-formed at about 1150°C in the presence of a liquid phase resulting from the melting of potassium feldspar and other glaze components. The melting temperature of synthesized hardystonite determined by HSM is about 1360°C. In glaze observed by using DSC method, melting and dissolution of hardystonite occurred at a lower temperature due to the presence of silicate melt.
